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A New Technique for Detecting Cosmic Strings in the COSMOS Survey Using
Shapelet Decomposition
Kevin A. James
Department of Physics, California Polytechnic State University, San Luis Obispo, California 93407
The Hubble Space Telescope Treasury Program images collected as part of the Cosmic
Evolution Survey were used to develop a new technique for identifying gravitational lensing
events resulting from a less-massive cosmic string. By employing Monte Carlo simulations of
cosmic strings embedded within the survey, galaxies were decomposed using Hermite Polynomial
shapelets, and compared with the unaltered survey. An efficient set of cuts were determined for
identifying a cosmic string in shapelet space. The sensitivity of the new methodology was found
to be superior at detecting low-mass cosmic strings than previous methods.

I. Introduction:
Cosmic strings are artifacts of the early
universe that have immense implications if found.
According to the Big Bang theory, our universe is
believed to be over 13 billion years old. One of
the great challenges in physics is to describe the
features of the early universe, about 10-32 seconds
following the Big Bang. The early universe was
so dense that any light produced would be trapped
and unable to escape. Due to this, there is almost
no evidence as to what the properties of the
universe were at this time.
Many Grand Unified Theories (GUTs) predict
that at some point, the early universe cooled and
underwent symmetry-breaking phase transitions
that resulted in the forces taking differing
properties. However, much as how cracks are
formed as water freezes into ice, these GUT scale
phase transitions are believed to create analogous
topological defects in space known as cosmic
strings. In addition, much as how cracks remain
in the frozen lake long after the lake freezes, so
too are cosmic strings expected to still exist today
if a GUT scale phase transition did indeed occur.
Thus, if a cosmic string is found, data may be
collected on the properties of the early universe; if
not found, strong limits may be placed on Grand
Unified Theories.
This paper discusses a new technique for
identifying gravitational lensing events resulting
from a cosmic string.
Section II details

cosmology relevant to cosmic strings, and Section
III provides a description of cosmic strings and
the importance of them. Section IV discusses the
former methodology used to detect cosmic strings,
and introduces limitations that prompt the
development of a new technique.
Hermite
Polynomial shapelets are introduced in Section V.
Section VI details the COSMOS dataset that is
used in Section VII and VIII to determine the
sensitivity of the new methodology. Finally,
Section IX reports the results from the sensitivity
analysis, and Section X summarizes the results of
the new methodology.

II. Relevant Background Cosmology:
The Big Bang Theory
The Big Bang theory states that the universe
has a finite age and that it was initially hot and
very dense. There are two primary sources of
evidence for this model, Hubble’s Law, and the
Cosmic Microwave Background (CMB). In 1929,
cosmology had advanced to the point where it was
possible (but by no means easy) to estimate the
distance and relative velocity of galaxies other
than our own. Edwin Hubble was the first man to
do so, and with 20 data points, made a plot of the
velocity vs. the distance. From this, he found that
there was a linear relationship between the two.
This expression is now known as Hubble’s Law
and follows the form:
𝑣 = 𝐻0 𝑑

2

where v is the velocity of the galaxy, d is the
proper distance from the Earth to the galaxy, and
H0 is the Hubble Constant. The Hubble Constant
is positive, and in general, galaxies are moving
away from one another. This implies that earlier
in time, galaxies were closer together, lending
evidence to the Big Bang theory.
However, Hubble’s Law does not necessarily
imply the universe has a finite age, and in fact
there was great debate within the cosmological
community between the Big Bang theory, and a
steady state model that predicted the universe to
have both an infinite age and unchanging
properties. The debate was settled with the
discovery of the Cosmic Microwave Background
(CMB) that was accurately predicted by the Big
Bang Theory.[1]
Grand Unified Theories:
In the latter half of the 20th century, the
electromagnetic and weak nuclear forces were
shown to be a single unified force, called the
electroweak interaction, at energies above ~1TeV,
that corresponds to a time about 10-12s after the
Big Bang. After the electroweak interaction was
discovered, Grand Unified Theories (GUTs) were
formulated. GUTs predict that the electroweak
and strong nuclear interactions unify at a certain
energy. Many GUTs predict that once the
universe cooled below this energy, a symmetrybreaking phase transition took place, at which
point the strong nuclear force and electroweak
interaction separated; this phase transition is
expected to have occurred about 10-32s after the
Big Bang.[1]

they meet. This forces defects to exist after the
phase transition, with matter from before the
phase transition trapped within. These defects last
long after the phase transition has taken place.
Therefore, many GUTs predict topological
defects, resulting from an early universe,
symmetry-breaking phase transition, to still exist
today.
Possible topological defects include magnetic
monopoles, a zero-dimensional topological defect,
and cosmic strings, a one-dimensional defect.
While magnetic monopoles will have become
very difficult to find due to inflation, it is
predicted that cosmic strings would still exist and
be detectable after inflation. Cosmic strings are
predicted to be ~1fm in diameter, but incredibly
massive, with linear densities, μ, such that a
kilometer of a cosmic string can be more massive
than the Earth.
Importance of Cosmic Strings:
The identification of a cosmic string would
lend strong evidence towards a GUT scale phase
transition. Conversely, not finding cosmic strings
would help place strong limitations on Grand
Unified Theories.
In addition, if found, the string characteristics
would provide invaluable information on the early
universe. At the time cosmic strings are believed
to have formed, the universe was so dense that
light could not escape, leading to almost no
observable sources for determining early universe
parameters. Since cosmic strings would still
contain early universe matter, their characteristics
would provide new data about such things as the
density of the early universe about 10-32s after the
Big Bang.

III. What are cosmic strings:
Cosmic Strings:
Topological defects form as a result of phase
transitions.
This happens when the phase
transition starts at multiple nucleation sites, and
the orientations of the matter do not match where

IV. Prior Search and Motivation for New
Methodology
How to Look for Cosmic Strings:
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Cosmic strings cannot be directly observed
since they are expected to have a diameter
approximately the same as a proton. However
due to their large mass per unit length, they can be
indirectly observed through gravitational lensing.
The geometry of space is distorted by a large
mass. In the case of a long straight cosmic string,
an angular defect occurs, given by the metric:

where the coordinate z is along the string, and r
and θ are the polar coordinates for the plane
perpendicular to the string. This defect results in
a deﬁcit angle, given by the dimensionless
𝐺𝜇
parameter 𝛿 = 8𝜋 𝑐 2 . As shown in Figure 4.1,
this deficit angle means that when a galaxy is
behind a cosmic string, two sets of light may
reach the observer, resulting in two identical
galaxies being observed, one on each side of the
string. The opening angle between these two
observed images can be found by:

where Dls is the distance between the lensing
string (l), and the background source galaxy (s),
Dos is the distance between the observer (o) and

the background source galaxy, and β is the angle
of the string in the plane formed by the string and
the observer.[2]
Although cosmic strings often fully lens a
background galaxy, there are two other lensing
effects a string may have. If the string is not
particularly massive, or if the galaxy is
exceptionally large, then only part of the galaxy
on each side of the string will be lensed, resulting
in what is called a merged galaxy. The second
possible effect is that if the galaxy is not directly
behind the string, only a part of the galaxy may
become lensed, resulting in what is called, a sliced
galaxy.
Figure 4.2 shows the different
gravitational lensing scenarios possible with a
cosmic string.
Previous Search
In our prior search for Cosmic Strings, we
utilized the gravitational lensing effect to identify
possible lensing events. The Hubble Telescope
Great Observatories Origins Deep Survey
(GOODS) was used for the search due to its
superior depth of field. The first step in the search
was to use a program called Source Extractor
(SExtractor) that identifies and catalogs galaxies
within an image.

Figure 4.1: Light from the galaxy which would normally not reach the observer manages to do so due to the spatial distortion caused by
the cosmic string. Since two sets of light now reach the observer, the galaxy is traced back by the observer to be two identical galaxies.
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Figure 4.2: The green triangle in each image is the deficit angle resulting from the string, which is at the bottom tip of the triangle. The
rays show light from a galaxy reaching an observer at the bottom center of each plot. Blue rays indicate light originating on the right side
of the string, while red rays indicate light originating from the left side. The top-left image shows a galaxy too far from the string to be
lensed. The bottom-left image shows a galaxy which is just the right size to be fully lensed. In this case, notice that each image in fact
consists of half from each side of the string, aligned perfectly to make two complete images. The top-right image shows a galaxy which is
close enough to become partially lensed, resulting in a slice galaxy in which there is one complete galaxy image and a galaxy image which
only contains part of the original galaxy. Finally, the bottom-right plot shows a galaxy which is large enough that although it is behind
the string, only parts of it get lensed. This results in two images, each with about three-quarters of the original galaxy.

Once catalogued, indentified galaxies were
cropped into “postage stamps” and masks were
developed for each galaxy (see Section 7).
Afterwards, nearby galaxies were compared to
determine whether they were morphological pairs.
Morphological pairs were identified by their
correlation, which compares the intensity of the
galaxies, and their cross-correlation, which
compares shapes:

where I is the intensity of a specific pixel, and the
number denotes the galaxy. A perfect pair would
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have a correlation of 0, and a cross correlation of
1.
To identify the cuts on what qualifies as a
pair, we conducted a Monte-Carol simulation,
where cosmic strings were simulated within a
section of the GOODS survey. This allowed for
seeing the effect of background noise on the
correlation and cross-correlation of galaxy pairs.
Cut were then chosen to maximize the signal-tobackground galaxy pair ratio. Finally, once no
cosmic string was found, we used probability
statistics to rule out the existence of masses and
densities of cosmic strings that would have been
found within the GOODS survey.[2]
Limitations of Search
Although this prior search methodology is
effective in finding and ruling out massive strings,
the process has limitations that make it ineffective
in finding lower-mass strings. The first limitation
is the use of correlation and cross-correlation in
identifying lensed pairs. Although this method
works well in determining whether two distinct
galaxies are identical, it fails to identify either a
sliced or merged galaxy lensing event. This is
because in both cases, the image galaxies do not
have either the same overall intensity nor the
same shape as the original galaxy.
The second main limitation, is that the
methodology breaks down when looking for less
massive cosmic strings. Smaller strings have a
decreased deficit angle, resulting in both an
increase in the number of merged galaxies, and a
decrease in the distance between fully lensed
pairs. SExtractor fails to declare these as two
separate galaxies on many occasions, making it
impoosible to indentify them as pairs as required
with this methodology. This breakdown in the
efficiency of identifying pairs can be seen in
Figure 4.3, as our galaxy identification ability has
a sudden drop-off once the distance between
centroids is less than about 0.7 arcsec.

Figure 4.3: Although the efficiency of the correlation cuts
(successfully two galaxies as being a pair) drops at low distances,
the galaxy identification efficience is the most limiting efficiency

Goals of New Methodology
This failure to identify pairs of galaxies
resulting from less massive strings encourages the
development of a new technique for determining
whether an identified galaxy is in fact a galaxy
pair resulting from weaker gravitational lensing.
One goal is therefore to identify lensed galaxy
pairs, including the fully lensed, merged, and
sliced cases. In turn, the other main goal for the
new methodology is to either identify, or rule out,
these less massive strings.

V. Shapelet Decomposition:
Basics
A common technique for signal analysis is a
change of basis set. For example, rather than
observing a signal based upon location and
intensity, Fourier Transforms are used to instead
view the data set in terms of frequencies. This
allows for the identification of signals that may
not be apparent in a traditional image. This
makes a change of basis sets a potential
methodology for determining whether a single
indentified galaxy is in fact a lensing event from a
low-mass cosmic string.
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Two-dimensional Hermite Polynomials, called
“shapelets”, were chosen as the basis set for
galaxies to be decomposed into.
Twodimensional Hermite Polynomials have been
widely studied in physics for being the eigenstates
to the two-dimensional quantum harmonic
oscillator. The first few Cartesian representations
for the Hermite Polynomial shapelet basis
functions, shown in Figure 5.1, show the basic
notation and method for describing a galaxy in
shapelet space. Each shapelet basis function is
described by: Hn1(x)Hn2(y), where HN(x) is the
Nth Hermite Polynomial. While the n1 and n2
terms theoretically vary between 0 and infinity,
the sum of n1 and n2 are limited to the maximum
value nmax for computational reasons.[3]
To describe a galaxy with shapelets, two
things are done. First, all basis terms are scaled
by the factor β. This scaling allows for the basis
functions to fit the size of the galaxy it is trying to
describe. The second part of describing a galaxy
is for each term to be multiplied by Cn1,n2, a
coefficient fit based upon the features of the
galaxy. Once β and all Cn1,n2 coefficients are
determined, then the shapelet is found to be:

Figure 5.1: The first few Cartesian shapelet basis functions. The
black represents negative, and the white represents postive.

Figure 5.2 shows a galaxy reconstruction
using shapelets.
Hermite Polynomials are both complete and
orthogonal. This means that each pixel intensity
in the Cartesian coordinates is represented
(although perhaps split up) exactly once in
shapelet space. In other words, if one were to
sum up all the Hermite Polynomial shapelets, the
original image is obtained, without any
differences in intensity. The benefits to this are
threefold: switching to shapelet space, called
decomposing, is much easier to achieve
mathematically due to this orthogonal behavior,
orthogonality implies that each shapelet can be
analyzed individually, and finally, there is no loss

Figure 5.2: As more terms are used in the decomposition,
more details emerge. However, even with just the terms up to
n1+n2=2, it is clear there are two galaxies, and their orientation
has been determined
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of information during the decomposition since the
shapelet space is complete.[4]
In addition to these crucial attributes,
Hermite Polynomials have a few advantages over
other basis sets for our use with galaxies and
identification of lensing events.
The first
advantage is that the n1=0, n2=0 term, referred to
as the 0,0 term, is a Gaussian, and all the other
terms simply contort the Gaussian. This is useful
for galaxies since many are essentially Gaussian,
and those that are not are often described best as
distorted Gaussians.
The second advantage for Hermite Polynomial
shapelets are the n1=0,n2=2, n1=1,n2=1, and
n1=2,n2=0 terms. These terms are referred to as
the n=2 terms, since they are along the diagonal in
which n1+n2=2.
These terms modify the
Gaussian so that there is less intensity in the
middle, and more intensity further out from the
center along a line. These terms are visually
similar to a lensed galaxy, meaning that they seem
to be a natural location where a signal might be
found in this basis set.
The final advantage for these shapelets is that,
as stated before, Hermite Polynomials have been
widely studied in physics, and so there is a large
literature describing their properties and
usefulness as a basis set for galaxy images. In
addition, there are libraries already written in IDL
that may be used for robust decomposition and
display of galaxies in shapelet space.[4] This
allows for a greatly decreased development time.

VI. The COSMOS Dataset:
The Cosmic Evolution Survey (COSMOS) is
a Hubble Space Telescope (HST) project using
the Advanced Camera for Surveys (ACS). The
survey covers 2 square degrees of the sky broken
up into 49 tiles, making it about 25 times larger
than the GOODS survey.
The most
comprehensive data is in the i-band, which

consists of wavelengths between 0.65 and
1.00μm. The most recently released data set has a
resolution of 0.03 arcsec/pixel.

VII. Method for Cosmic String Detection:
To detect cosmic strings, the process chain
shown in Figure 7.1 is used. The purpose of this
paper is to determine a cut that maximizes the
signal-to-noise ratio, thereby maximizing the
sensitivity of the shapelet decomposition
technique. The final steps of determining the
existence of a string and the likelihood of strings
existing in the universe are left for future research.
This section details each part of the process chain.
SExtractor Image
Even though the program SExtractor is
capable of identifying galaxies within an image, it
must be fed parameters which determine how it
looks for them. Some parameters determine the
minimum size for a galaxy, while others
determine when it decides two nearby sources are
in fact two separate galaxies, rather than an odd
spiral.
The COSMOS survey has some peculiarities
in the form of artifacts and stars that can make it
difficult to find the optimal search parameters.
However, in 2007, Alexie Leauthaud published
parameters that performed the best at identifying
galaxies within the COSMOS survey.[5]
Alexie makes use of two SExtractor runs, and
combines them. The first is a hot parameter set
that is good at identifying small galaxies, but also
identifies some spiral galaxies as being multiple
separate galaxies. The second run is a cold
parameter set that does the opposite as the hot
parameter set.
Due to limited resources, two parts to
selecting galaxies was employed. The first was to
use a slightly modified hot parameter set that
could capture the larger galaxies a bit more
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useful tool for calculating important statistics
regarding galaxies. An example of a postage
stamp and a mask is provided in Figure 7.2.
The mask is created by first setting the
SExtractor identified centroid for the galaxy to
have a value of 1. Then, the mask is expanded to
all adjacent pixels if they meet a threshold
requirement. This is then done recursively until
no pixel adjacent to masked pixels has an
intensity above the threshold intensity.
By
expanding about the centroid rather than simply
running a single threshold check across the entire
postage stamp, nearby galaxies that are
coincidentally contained within the postage stamp
are not masked as being a part of the selected
galaxy, as can been seen in Figure 7.2.[2]
Figure 7.1: The process branches in order to compare the
statistics gained from simulating string to the data gained from
the unaltered survey.

efficiently. The second step was to apply what
came to be known as the “Alexie cut.” This cut
compares the galaxies found with the slightly
modified hot parameter set to those found by
Alexie, and discarding the galaxies not found in
her search.

Postage Stamp
Once a catalog file of galaxies has been
created by SExtractor, each galaxy is then
“postage stamped.” Postage stamping involves
cutting out the region of the original COSMOS
image containing the SExtractor identified galaxy.
This allows for the raw pixel data of each galaxy
to be easily manipulated.
Once postage stamped, a mask is created for
the galaxy. A mask is an image of the same size
as the postage stamp and only contains the values
of 0 and 1, where the pixel is 1 if and only if it is
determined to be a pixel corresponding to part of
the galaxy within the postage stamp. The purpose
of a mask is to allow the selection of a galaxy
without also selecting nearby noise, which is a

Decomposition of Galaxies
The next step in the process chain is to
decompose the galaxies into Hermite Polynomial
shapelet space. This requires multiple steps. The
first step is to combine nearby galaxies.
Although our prior search was limited by the
inability to reliably separate lensed galaxies
resulting from low-mass cosmic strings,
SExtractor may sometimes actually succeed in
separating galaxy pairs. However this is no longer
wanted, since shapelets are now used to look
within a single identified galaxy for the pair. If a
pair is successfully separated, then the shapelet

Figure 7.2: It is crucial that the galaxy at the top of the image
is not included in the mask, since it would hurt intensity and
centroid calculations
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analysis will be done separately for each galaxy,
and the lensing event will not be identified.
Galaxies must be combined delicately.
Firstly, all galaxies that are within a certain
distance of one another must be combined. This
is because only combining those of similar size or
shape would clearly bias results, and also result in
possible sliced galaxies being missed. A second
issue is that the distance between galaxies under
which they are combined must be chosen. If it is
too large, then too many galaxies become
combined, reducing sensitivity. Meanwhile, if the
distance is chosen to be too small, then lensed
galaxies fail to be recombined, leading to a loss of
sensitivity.
The solution to this problem is to define a
“look distance” that is the distance under which
galaxies are combined. The optimal look distance
can then be determined based upon the mass of
the string being looked for. These optimal look
distances are determined experimentally, and will
be explained in Section 8.
A final problem with combining galaxies is
that there are sometimes more than two galaxies
nearby one another. Choosing only two to pair up
would decrease sensitivity and would clearly be
either biased or arbitrary. Meanwhile, including
all possible pairs separately would create the issue
of counting those galaxies within the pairs
multiple times, biasing results.
In order to solve this in an unbiased manner,
we create a network of all galaxies within a
specified distance from one another in the image.
This raises the possibility that chains of galaxies
are combined together, especially if the look
distance is too large. Although this makes it
much more difficult to identify whether there are
lensed galaxies contained, this is accepted as the
most balanced solution, and is found to be a small
inefficiency for small strings when the look
distance is chosen optimally.

Networks of nearby galaxies can contain a
single galaxy if there are no nearby galaxies, and
there is no upper bound. All galaxies within a
network containing more than one galaxy are
combined into a single postage stamp and mask.
In addition, many of the galaxy properties must be
recalculated for the combined image. These
include the following:
Note: in all equations, the subscript i indicates
the individual galaxies before combining, and the
subscript new indicates the new property after
combining
Centroid:

where cx and cy are the x and y location of the
centroid, respectively, and F is the flux of the
galaxy.
Magnitude:

2nd moments:

Angle of orientation:

Once galaxies have been combined, the size of
each galaxy is determined. The purpose for this is
to determine the optimal shapelet scale factor, β.
The size is calculated to be the largest distance
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between any two pixels that are part of the galaxy
mask.
The next step is to crop the postage stamps.
Memory limits become a real concern when
decomposing, so any possible cropping of the
postage stamps is highly valued. Based upon the
size of string being searched for, the image is
cropped down to free up some memory. An
additional small buffer area of background noise
is left uncropped to ensure the relevant results of
the shapelet decomposition are left unaffected.
This process may crop the edges of large
galaxies out of the postage stamp. This does not
cause any inefficiencies when the lensing event is
located at the identified centroid, which is
generally the case for merged and fully lensed
galaxies. This is because the parts of the galalxy
far from the lensing event are superfluous. For
example, if the string being sought after has a
deficit angle of 0.4 arcsec, then the shapelet
decomposition can capture the lensing effects
within a distance 0.4 arcsec from the centroid.
This means that there is little use maintaining a
stamp with dimension on the order of 2 arcsec.
For sliced galaxies, the centroid and location
of the lensing event are generally near each other
when the source galaxy is small. For large
galaxies however, the lensing can take place far
from the centroid. This means that the sliced
image can be cropped during the process. This
was determined to be an acceptable efficiency loss
since the methodology was found to have poor
sensitivity when detecting large, sliced lensing
events.
After cropping, the postage stamped galaxies
are finally decomposed into the Hermit shapelet
basis set. For each galaxy, the first step is for the
scale factor β to be set to:

where dist is the distance span of the galaxy, and
resolution is the resolution of the survey; in the
case of the COSMOS dataset, this is 0.03
arcsec/pixel.
Next, the maximum value for n1+n2 is
determined with:

with fwhm being the full-width, half-max of the
galaxy.
With both parameters set, the galaxy is
decomposed using a library built for the IDL
language. Because Hermite Polynomial shapelets
are a complete and orthogonal basis set, the
coefficients are determined with the simple
overlap integral given by:

which is just the integral of the scaled shapelet for
n1,n2 multiplied by the intensity of the galaxy.
After the coefficients have been determined,
the first few terms are used to calculate the angle
of orientation for that galaxy. This is given by:

This calculated theta is not precisely the
orientation of the galaxy since it discounts higher
order terms. However, this turns out to be a very
useful feature. In the event of a lensed galaxy, the
first three sets of terms (those with n1+n2 ≤ 2)
accurately capture the two centroids, and hence
the angle at which the lensing occurred.
Therefore, by only using the first few terms of the
decomposition, the angle of the string is found
accurately, while adding higher order could result
in a worse determination of the string angle, since
they add additional features to the galaxy, rather
than to the fundamental lensing effects.
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VIII. Determining the Optimal Cuts
where I is the measured i-band magnitude and z is
the redshift.[6]

The cuts for identifying a cosmic string
lensing events must be determined empirically.
Since no cosmic strings have been found as of yet,
a Monte Carlo method was used, in which strings
were simulated within a tile of the COSMOS
dataset. Out of 49 COSMOS tiles, the one chosen
was relatively peaceful, with few stars or artifacts
from the data collection process. This does aid
our results by reducing spurious galaxies and by
maximizing image quality. However, it was
important to do the analysis on a good tile since
the optimal cuts should be based upon the best
scenario.

Embed strings
Once redshifts were assigned to all galaxies, a
string redshift, δsinβ (mass), and orientation
(optional) were chosen. If the orientation was
chosen, then strings were placed down parallel to
one another across the tile. If not chosen, then
strings were simulated at random locations and
directions (with each galaxy limited to being
lensed only once). It turned out that specifying an
orientation had a strong benefit (see Section IX).
The rules for simulating gravitational lensing
by a cosmic string are fairly simple. First, all
galaxy pixels are moved away from the string by
half the opening angle (Eq. 4.2). Then, all the
pixels that were originally within half the opening
angle from the cosmic string are copied onto the
other side. Although this is a simple rule set, if it
were used, then every lensed galaxy would have
to be moved. This is a difficult task that
introduces additional error into the system, since
the background noise needs to be estimated and
left behind before the galaxy is moved. To
minimize this, rules were developed that

Before strings may be embedded into the tile,
redshifts have to be assigned to the galaxies, in
order to determine which galaxies are in front of,
or behind the strings. Since redshifts have not
been measured for all the galaxies within the
COSMOS survey, a redshift was given to each
galaxy, randomly drawing from a distribution
determined by the galaxy’s i-band magnitude, as
measured by SExtractor. Specifically:

(a)

(b)

(c)

Figure 8.1: Each possible lensing event is accurately simulated. The red line indicates where the string passed through. It was added
to the image to help guide the eye.
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Figure 8.2: The red lines indicate strings. The red circles are galaxies identified before embedding. The blue circles are
additional galaxies identified after embedding.

accurately simulate gravitational lensing with the
minimal amount of moving.
An example of this would be in the event of a
small galaxy being on one side of the string,
within distance to be fully lensed. Rather than
moving it by half the opening angle and lensing it
by half the opening angle as well, it was simply
lensed the entire opening angle and not moved.

The process was refined to be very robust,
allowing for all three cases of gravitational
lensing: galaxy pairs (Figure 8.1a), merged
galaxies (Figure 8.1b), and sliced galaxies (Figure
8.1c). Figure 8.2 shows a small sample of a tile
with embedded strings.
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SExtractor, Postage Stamp, and Decompose
Again
Once the embedding has taken place, the tile
must be taken through the process from image to
decomposed shapelets. The only difference this
time, is that after SExtractor is used, the Alexie
cut is not used. This is because the Alexie cut
disposes of any galaxies identified by our
SExtractor parameters but not by hers. This
would unidentify any embedded, lensed galaxies,
since they have been added into the image.
Unfortunately, not using the Alexie cut also
increases the number of spurious galaxies
identified. The measured sensitivity of the new
methodology is determined by the number of
identified lensing events compared to the number
of additional galaxies identified in the embedded
file than were found in the unembedded file. The
spurious galaxies in the embedded file therefore
bias the measured sensitivity downwards by
increasing the number of additional galaxies in the
file without increasing the number of lensing
events. When searching for real cosmic strings in

the survey, these spurious galaxies would be
eliminated, but the lensing events would not.

Comparing to Unembedded File
Since there are two sets of decomposed
shapelets, one with a strong embedded
gravitational lensing signal, a cut may be applied
equally to both files, allowing for a direct
comparison. This allows for the calculation of the
amount of signal that passes the cut and the
amount of background galaxies that do as well.
The goal of the cut is to maximize the ratio of
signal-to-noise.
Figure 8.3 displays one way to visually see
what type of data to cut on. From this, it was
deemed that the best characteristic to cut on was
N2/N0, which is given by the following formula:

The terms are call N2 and N0 because the
subscripts for each term add up to two and zero,
respectively.
Determining a Cut
Once it was decided to cut on N2/N0, the final
problem was how to cut on it. It was first
determined that any galaxy with a dist value less
than 5 should be cut. This is because we do not
expect to find any pairs of galaxies spanning only
5 pixels, since it would require a cosmic string
smaller than the resolution of the survey would
allow us to accurately detect.
Next, a general formula was empirically
chosen to determine which galaxies pass the cut,
and it is given by:

Figure 8.3: The green dots are galaxies from the unembedded
file, while the red dots are from the file with cosmic strings
embedded. There is a clear signal in the ratio of N2 to N0.

14

Figure 8.4: In this case, the green and blue lines are different
angle bins and the red line is for all angles. The dimmer lines
are the galaxies which pass the cuts in the unembedded file and
the brighter lines are for the embedded file. In this case, there
are clearly far more which pass the cut in the embedded file at
certain look distances. Once the look distance is set too large,
there is no clear difference between the embedded and
unembedded files other than the embedded file having more
galaxies.

Figure 9.1: The white dots are the galaxies in each angular bin
before the optimized cut. The red dots are the galaxies which
pass the cut. There is a clear bump in the data around 60
degrees.

orientation of -60° (Figure 9.1), i.e. orthogonal to
the angle the cosmic string was embedded at, as
predicted by theory.
where lookd is the look distance parameter that
was chosen prior to decomposition. This means,
that for each redshift and δsinβ, there is an
optimal look distance, A, B, and C that must be
determined. Figure 8.4 shows a sample of how
for a given cut, the optimal look distance can be
determined. Lacking a masochistic tendency, an
algorithm was written that determined the cut for
a given δsinβ and redshift.

IX. Sensitivity of the Methodology
Once the method for determining the optimal
cut was established, a test was conducted.
Cosmic strings were embedded at a 30° angle
across the tile, as shown in Figure 8.2. Once the
cut had been applied, the galaxies were binned
according to their measured angle (Eq 7.8). The
cuts were confirmed to be working, when the
galaxies that passed the cut were found to have an

Finally, the process was repeated many times
with differing values for the embedded string’s
redshift and mass (δsinβ). This allowed for a
diverse set of optimal cuts could be found, shown
in Table 9.1, and thereby the sensitivity for the
methodology was determined. Figure 9.2 shows
the final results for of the sensitivity analysis, and
Table 9.2 displays all the values. From this, it is
found that the methodology successfully achieves
a high enough signal-to-noise ratio for masses
below what was previously detectable, as far
down as δsinβ = 0.5arcsec.
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Figure 9.2: The sensitivity of the methodology increases as redshift
decreases, but peaks at a dsinB of about 1. This is because above a
certain value, the combining of stamps leads fewer pairs of galaxies
being combined, and more groups of three or more galaxies.

2.0
1.5
String Redshift 1.0
0.5
0.1

0.2
0.06
0.14
0.27
0.38
0.40

0.3
0.09
0.26
0.51
0.72
0.74

0.4
0.19
0.46
0.99
1.30
1.35

δsinβ
0.5 0.7
0.27 0.76
0.85 1.85
1.67 3.56
2.24 4.78
2.57 5.30

0.9
0.57
1.53
3.24
4.41
4.83

1.0
0.57
1.52
3.12
3.17
4.38

1.5
0.45
1.25
2.48
3.50
3.81

2.0
0.31
0.86
1.68
2.38
2.57

Table 9.2: The red boundary marked in the table indicates which values are considered statistically
significant at 3 standard deviations.

X. Conclusion
The new methodology was found to be
successful. However, the cuts could still be
optimized further, by either finding a better
function to fit to, or by cutting using other
shapelet terms. In addition, while the new
methodology did accomplish raising the
efficiencies for detecting lower mass strings,
it did not fare as well in determining
whether a galaxy is merged or sliced, since
the N2 term mainly discovers whether there
are two centers of mass within the postage
stamp.
It is also difficult to eliminate
background galaxies, since there is very

little distinguishing between identical pairs
of galaxies, and pairs of galaxies that have
very different shapes.
Finally, the next step is to try to apply
these cuts to the entire COSMOS survey in
order to identify whether a cosmic string
exists within it. If not found, new limits can
be placed on the mass and density of the
cosmic strings in the universe.
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